. Activation of the insular cortex is affected by the intensity of exercise. J. Appl. Physiol. 87(3): 1213-1219, 1999.-The purpose of this investigation was to determine whether there were differences in the magnitude of insular cortex activation across varying intensities of static and dynamic exercise. Eighteen healthy volunteers were studied: eight during two intensities of leg cycling and ten at different time periods during sustained static handgrip at 25% maximal voluntary contraction or postexercise cuff occlusion. Heart rate, blood pressure (BP), perceived exertion, and regional cerebral blood flow (rCBF) distribution data were collected. There were significantly greater increases in insular rCBF during lower (6.3 Ϯ 1.7%; P Ͻ 0.05) and higher (13.3 Ϯ 3.8%; P Ͻ 0.05) intensity cycling and across time during static handgrip (change from rest for right insula at 2-3 min, 3.8 Ϯ 1.1%, P Ͻ 0.05; and at 4-5 min, 8.6 Ϯ 2.8%, P Ͻ 0.05). Insular rCBF was decreased during postexercise cuff occlusion (Ϫ5.5 Ϯ 1.2%; P Ͻ 0.05) with BP sustained at exercise levels. Right insular rCBF data, but not left, were significantly related, with individual BP changes (r 2 ϭ 0.80; P Ͻ 0.001) and with ratings of perceived exertion (r 2 ϭ 0.79; P Ͻ 0.01) during exercise. These results suggest that the magnitude of insular activation varies with the intensity of exercise, which may be further related to the level of perceived effort or central command.
human; brain; single-photon emission-computed tomography; magnetic resonance imaging; autonomic nervous system THE CEREBRAL CORTEX HAS long been recognized as having an important role in the regulation of autonomic function; this realization occurred even before the identification of any specific cortical region (10, 12) . Studies implicating various cerebral cortical regions as possible sites for autonomic regulation were reviewed by Cechetto and Saper (3) . Using specific criteria, they concluded that the insular cortex played a significant role. The insular cortex is a forebrain autonomic nucleus involved in the integration of sensory and visceral information (26) . Of particular interest is the role played by the insular cortex in cardiovascular regulation (6, 11, 17, 18, 23, 24) . The right and left insular cortices possess reciprocal connectivity with numerous subcortical sites, including the lateral hypothalamus (31) , ventrolateral medulla (31) , and the nucleus tractus solitarii (NTS) (20, 31) . These specific subcortical sites are known to be prominently involved in cardiovascular regulation at rest, as well as during physical activity (27) . During exercise, when blood pressure (BP) must be regulated to sustain flow to both the brain and working musculature, signals from higher cortical centers (central command) and muscle afferent input (exercise pressor reflex) from the working limbs appear to converge at these sites to dictate an integrated cardiovascular response (16, 27) .
Activation of the insular cortex has been shown to occur during volitional exercise (29) . However, there was no significant insular activation during passively induced cycling movement or during electrically stimulated muscle contraction. Such findings suggest that activation of the insular cortex may be more related to central command, or a concomitant activation of both central command and muscle afferent input, as opposed to mechanically or metabolically related afferent input from the working limbs alone. Additionally, any exerciserelated changes in BP may also be responsible for changes in insular activity, given the neural connections between the insular cortex and NTS baroreceptor afferents (22, 23, 32) .
To address the effects of BP changes on insular cortex activation, Zhang and Oppenheimer (32) recorded firing patterns of both sympathoexcitatory (SE) and sympathoinhibitory (SI) units within the insula after administration of either phenylephrine (PE) or sodium nitroprusside (SNP) in anesthetized rats. The PEinduced elevations in resting BP elicited a significant reduction in firing of the SE units, whereas firing patterns were increased, or showed no change, in response to a SNP-induced hypotensive response. The SI units increased firing with administration of PE and decreased, or showed no change, after SNP injection. Somewhat inconsistent with these findings, volitional exercise in humans, coupled with a small rise in BP, elicited a greater magnitude of insular cortex activation for the same discrete region than did electrically stimulated movement, which also elicited a higher BP elevation. This raises important questions regarding the roles of other exercise-related factors, such as central command signals, which may also govern patterns of insular activation during exercise.
The purpose of this investigation was to determine whether the magnitude of insular cortex activation was governed by the level of central command during dynamic and static exercise of varying intensities and to further establish if there were differences in patterns of activation for the right and left insular cortices by using single-photon-emission computed tomography (SPECT). The SPECT technique measures regional cerebral blood flow (rCBF) distributions, which reflect increases or decreases in local metabolic demand because of local neuronal activation or deactivation, re-spectively (20) . We hypothesized that increased levels of exercise intensity would elicit greater activation of the insular cortices.
METHODS
Eighteen healthy subjects, fifteen men and three women (age 25 Ϯ 2.8 yr), provided written informed consent before their participation in this study, which was approved by the University of Texas Southwestern Medical Center Institutional Review Board and the Environmental Health and Safety Committee. All subjects were nonsmokers and normotensive (resting BP Ͻ140/90 mmHg), and none was taking any cardiovascular medications or reported any history of cardiovascular or neurological disorders.
Dynamic exercise protocol. Subjects (n ϭ 8) were studied under three conditions performed randomly on separate days: 1) low-intensity cycling (LIC) with ergometer resistance adjusted to yield a steady-state heart rate (HR) response of between 80 and 90 beats/min (bpm; workload ranged from 10 to 40 W), 2) higher intensity cycling (HIC) with resistance adjusted to yield a HR response of between 150 and 160 bpm (workload ranged from 130 to 150 W), and 3) seated rest on the bicycle ergometer. Subjects were seated on a semirecumbent bicycle (Ergys I, Dayton, OH), and their feet were secured to the pedals. Subjects were instructed to cycle at a cadence of 60 rpm and were paced by an investigator. HR and BP measurements were recorded at rest and during exercise conditions when subjects achieved the predetermined target HR range. Ratings of perceived exertion (RPE) were also obtained during exercise by using a 6-to 20-unit Borg scale (2) . Time required to reach the target HR during lowintensity exercise ranged from 2 to 4 min, whereas higher intensity exercise times ranged from 5 to 6.5 min. Subjects were reminded to use only their legs during exercise and to keep their upper body relaxed.
Static exercise protocol. Subjects (n ϭ 10) were studied under three conditions of sustained static handgrip (HG) exercise at 25% of their maximal voluntary contraction (MVC). They were randomly assigned to perform two of four HG protocols, as well as a control study by holding the HG dynamometer (Jaymar, Los Angeles, CA) without producing any force. Assignment was counterbalanced to ensure that five subjects performed each exercise protocol. The exercise protocols included 1) sustained HG at 25% MVC for 1 min, 2) sustained HG at 25% MVC for 3 min, 3) sustained HG at 25% MVC for 5 min, and 4) postexercise circulatory occlusion after 4 min of sustained HG exercise at 25% MVC. The HR and BP measurements were again recorded at rest and during exercise conditions, and RPE values were also obtained. Subjects were reminded to keep their body relaxed, use only their forearm to generate force, and avoid breath holds and Valsalva maneuvers. All subjects were able to complete assigned protocols.
Procedures. On day 1, each subject was randomly assigned to one of the three conditions in either the static or dynamic exercise protocol. The subjects were familiarized with all of the procedures and methodologies to be used during the study. A venipuncture was made in the antecubital vein of the left arm by using a 21-gauge over-the-needle Teflon catheter ϳ20 min before testing. The needle was removed, and the catheter was left in place and capped with an injectable site to facilitate the innocuous administration of the retained blood flow tracer. HR and BP were measured from the middle finger of the right hand by using a Finapres device (Ohmeda 2300, Madison, WI) with the hand supported at the level of the heart.
To determine the rCBF distributions during each testing condition, 20 mCi of freshly reconstituted 99m Tc-ethyl cysteinate dimer (Neurolite, DuPont Pharma) was injected intravenously. This retained brain-blood flow tracer is a photon emitter with a physical half-life of 6 h. Increases in rCBF to a particular region of the brain subsequently lead to an increase in the amount of radioactivity recorded from that region (6, 9) . Approximately 1 min before injection, the subjects were asked to close their eyes while continuing their activity. A technician administered the blood flow tracer and flushed the catheter with normal saline. During HG, injections were made at onset, 2 min, and 4 min, while the subjects continued their activity for an additional minute to facilitate appropriate distribution of the tracer. Subjects were unaware of the exact time of injection and reported no noticeable side effects. All subjects were immediately taken to the SPECT camera room, and imaging was completed within 1 h of injection for all subjects.
The brain scans were obtained with a fast-rotating threeheaded SPECT scanner (Picker 3000, Cleveland, OH). The subjects were placed in the camera with their head held in position with a forehead strap and a chin strap. The cameras were optimally positioned by a trained technician, and the exact coordinates were recorded for subsequent scans. The process was repeated for each of the test protocols on separate days. Acquired data were fan-beam and uniformity corrected. Images were reconstructed in the transaxial plane, and a three-dimensional postprocessing low-pass filter was then applied. Coronal and sagittal images were generated from the transaxial image set, which was corrected with an angle parallel to the orbito-meatal line. Images were displayed at a thickness of four pixels (ϳ7 mm). SPECT images were then transferred over the campus network to a computer workstation (AVS, Advanced Visual Systems, Waltham, MA).
On a separate occasion, each subject also underwent a magnetic resonance imaging (MRI) scan. A 1.5-T system (Gyroscan NT, Philips Medical Systems, Shelton, CT) was used to obtain ϳ100 contiguous, 1.5-mm-thick gradient-echo axial slices. Each individual's magnetic resonance images were transferred over the campus network to a workstation for coregistration with SPECT rCBF data.
Image processing and statistical analysis. Data processing involved coregistration of each individual's SPECT scans, obtained during the exercise protocols, to the scan obtained during the resting trial. This was done by using an automated volume coregistration algorithm widely used for positron emission tomography-positron emission tomography coregistration (30) . Each individual's brain images were aligned in three dimensions by computer. Once the SPECT scans for a given subject were coregistered, normalization of total radioactive count variability was obtained by rescaling each volume so that total counts were equal for all volumes.
After SPECT-SPECT coregistration for each individual, SPECT-MRI coregistration was obtained by using an interactive coregistration algorithm (15) implemented on the workstation (AVS, Advanced Visual Systems), after the SPECT voxel size was made to match the MRI voxel size. With the resulting SPECT used as a baseline, absolute and percent count differences for each pixel in the nonresting SPECT volumes were obtained. These differences were then displayed, for a selected plane through the volume, as a color overlay superimposed on the MRI (4).
The right and left insular regions were located by using the MRI as an anatomic reference. With the use of the computer, regions of interest (ROIs) were drawn around the insular region as seen on the transaxial MRI image. This procedure was repeated on contiguous transaxial slices until the entire insula had been assessed. The number of 1.5-mm slices ranged from 16 to 22 among individuals. Based on findings reported by Oppenheimer et al. (18) , who demonstrated select regions of cardiovascular representation that appeared to be located in the inferior insula, coupled with the 8-to 10-mm spatial resolution for this technique, we chose to divide the insular cortices into equal halves representing superior and inferior regions. The number of radioactive SPECT counts within the inferior regions for the right and left insular cortices was then compared across the three conditions for each subject as absolute counts and as changes from the resting condition. Additionally, volumetrically identical ROIs were drawn around leg motor areas for cycling, hand/forearm motor regions for HG, and a white matter region encompassing the anterior commisure for all trials.
The SPECT data were corrected for any changes in rCBF to white matter regions between conditions and were compared by using Friedman's test with a main effect of condition. Cardiovascular data were also analyzed by using Friedman's test with a main effect of condition. If significant F-ratios were detected, a Student-Newman-Keuls post hoc analysis was used to determine specific mean differences by condition. Specific correlation analyses were performed on individual data by using a Spearman analysis. The ␣ level was set at P Ͻ 0.05 for all analyses, and all data are presented as means Ϯ SD.
RESULTS
Dynamic exercise. HR, mean arterial pressure (MAP), and RPE data are presented in Table 1 . During the LIC, HR was elevated from rest by 20 bpm (P Ͻ 0.05) with no significant change in MAP. The RPE was increased 2 Ϯ 1 units (P Ͻ 0.05). The HIC significantly increased HR to 154 Ϯ 6 bpm (as dictated by the study design) and also elicited significant elevations in MAP (ϩ30 mmHg) and RPE values (to 15 Ϯ 1 units).
Changes in rCBF distribution are presented in Table  1 as radioactive counts (within the ROI) and as a percent change from rest for the low-and higher intensity conditions. LIC exercise was associated with a 6.3 Ϯ 5.4% increase for the right insular cortex (P Ͻ 0.05) and a 7.8 Ϯ 2.7% rise for the left insula. The LIC also produced a 12.4 Ϯ 4.5% increase (P Ͻ 0.05) in the leg motor region of the superiomedial precentral gyri.
HIC elicited an increase in rCBF distribution for both the right (13.0 Ϯ 4.5%, P Ͻ 0.05) and left (12.8 Ϯ 4.1%) insular cortices, as shown in Table 1 . Leg motor regions showed a 20.9 Ϯ 4.6% (P Ͻ 0.05) increase during HIC, which was significantly greater than that observed during LIC.
Static exercise. HR, MAP, and RPE data are presented in Table 1 . During the first minute of HG (0-1 min), HR was increased by 5 bpm (P Ͻ 0.05), MAP by 6 mmHg (P Ͻ 0.05), and RPE by 3 units (P Ͻ 0.05). Between minutes 2 and 3 of HG, HR was elevated from rest by 9 bpm (P Ͻ 0.05), MAP by 13 mmHg (P Ͻ 0.05), and RPE by 6 units (P Ͻ 0.05). During minutes 4-5, HR was increased by 18 bpm (P Ͻ 0.05), MAP by 25 mmHg (P Ͻ 0.05), and RPE by 8 units (P Ͻ 0.05). Postexercise cuff occlusion maintained MAP elevations above rest levels by 20 mmHg (P Ͻ 0.05), whereas HR returned to resting levels.
Changes in rCBF distribution are presented as radioactive counts in Table 1 and as a percent change from resting conditions for insular cortex activation. During the first minute of HG, neither the right nor left insula achieved a significant activation. During minutes 2-3, both the right (3.8 Ϯ 1.1%) and left (4.2 Ϯ 1.5%) insulae were significantly activated. Similarly, both the right (8.6 Ϯ 2.8%) and left (6.9 Ϯ 2.5%) insulae were activated during minutes 4-5 of HG (Fig. 1) . However, postexercise cuff occlusion elicited insular deactivation in the same regions, with the right side decreased by 5.5 Ϯ 1.2% (P Ͻ 0.05) and the left by 3.5 Ϯ 1.5%.
The contralateral hand/forearm motor regions showed a significant increase in rCBF (from rest) at minutes 2-3 (7.1 Ϯ 2.8%, P Ͻ 0.05) and minutes 4-5 (12.2 Ϯ 3.9%, P Ͻ 0.05) of static HG, as shown in Table 1 . Ipsilateral hand motor activation reached significance after 4-5 min of HG (7.2 Ϯ 3.1%, P Ͻ 0.05).
Individual data. Individual data for changes in MAP and right insular activation (or deactivation) across all conditions are shown in Fig. 2 . A significant positive relationship was found between MAP and right insular cortex activation (r 2 ϭ 0.80; P Ͻ 0.001) during exercise Values are means Ϯ SD for n subjects. Cardiovascular and rating of perceived exertion (RPE) data, along with regional cerebral blood flow distributions as radioactive counts and percent changes from rest (in parentheses) are presented across conditions of rest, low-intensity cycling (LIC), and higher intensity cycling (HIC); during sustained handgrip exercise at 25% maximal voluntary contraction for minutes 0-1, 2-3, and 4-5; and during postexercise cuff occlusion. Significance is denoted at P Ͻ 0.05: * from rest, † between cycling conditions for LIC and HIC, and † between handgrip conditions for minutes 2-3 and 4-5. (Fig. 2B) ; the relationship between MAP and left insular activation was much weaker (r 2 ϭ 0.44). Data for three subjects whose BP decreased during mild dynamic exercise were not included in the correlation, but there tended to be a greater magnitude of insular activation with the small drop in BP during exercise ( Fig. 2A) . During postexercise cuff occlusion, with BP elevated, the relationship between BP and insular activity was negative (n ϭ 5) as seen in Fig. 2C , such that increases in BP produced insular deactivation. Additionally, there was a strong positive relationship between right insular activation and RPE (r 2 ϭ 0.79; P Ͻ 0.001) and between MAP and RPE (r 2 ϭ 0.87; P Ͻ 0.001). Left insular activity was most strongly related to HR (r 2 ϭ 0.84; P Ͻ 0.001), but only when HR was below ϳ100 bpm.
As contralateral hand motor region activation tended to increase over time, comparisons were made between changes in motor activity and insular activity. There was no significant relationship for the individual data between contralateral hand motor activity and right (r 2 ϭ 0.47) or left (r 2 ϭ 0.35) insular rCBF. There was a significant relationship between hand/forearm motor region activation and RPE (r 2 ϭ 0.69; P Ͻ 0.001), as well as between hand/forearm motor activity and MAP (r 2 ϭ 0.61; P Ͻ 0.001).
DISCUSSION
The primary finding from this investigation was that there were differences in the magnitudes of insular cortex activation between varying intensities of static and dynamic exercise, such that a greater physical effort produced a greater magnitude of insular activation. This increased effort also yielded greater increases in leg and hand/forearm motor region activity for cycling and static HG, respectively. These findings are consistent with previous exercise studies (5, 7, 28) . Increased rCBF to motor regions during exercise appears to be related to the level of afferent input from the working limb (7, 27) , as opposed to an increased level of volitional effort. Although rCBF distribution to both motor regions and insular cortices was related to the intensity of exercise, when individual subject data were examined, there was no significant relationship between changes in motor activity and insular cortex activation. This suggests that the magnitude of insular cortex activation was not solely related to the magnitude of afferent input from the working muscle. However, it does not discount the possibility that some level of afferent input is required for insular activation to occur during volitional exercise.
Whereas both right and left cortices showed increased rCBF with increasing exercise intensity, only changes in right insular activity were significantly related to individual changes in BP, as well as in individual RPE. Zhang and Oppenheimer (32) reported a predominance of SE units in the right insula. As shown in Fig. 2 , changes in BP were associated with changes in insular activity. This is not surprising given that the insular cortex has reciprocal connections with Table 1 ) mapped on the MRI by using an arbitrary color scale with a range from 5 to 25% (from green through yellow to red). Purple lines denote regions of interest encompassing insular cortices. For handgrip, tracer was injected at 2 (A) and 4 min (B), and subjects sustained the handgrip for 1 additional minute. White reference lines denote activation in left insular region; black reference lines denote activation in right insular cortex. multiple brain stem nuclei, including a region of the NTS innervated by baroreceptor afferents (23) . However, the contrast in insular rCBF distributions to BP elevations elicited during volitional exercise and postexercise cuff occlusion for the same region was most striking. During the postexercise cuff occlusion with BP elevated, there was a decrease in insular activity. Although opposite to the insular responses during exercise, this finding is in agreement with the results of Zhang and Oppenheimer (32) , as mentioned previously, who reported that PE-induced elevations in resting BP elicited a significant reduction in the firing of the SE neuronal units (or decreased insular cortex activation). These observations suggest that factors other than increases in BP are closely related to activation of the insular cortex during exercise. This contention is also supported by previous findings reporting no significant insular activation during passively induced cycling movement or during passive movement coupled with neuromuscular electrical stimulation (29) , which also elevated BP.
It is possible that increased levels of central command or perceived exertion may be linked with increased insular activity during volitional exercise. HR changes during exercise have been commonly used as an index of the level of central command (16) . Although HR, and presumably the level of central command, increased as the intensity of exercise increased, changes in HR were only significantly correlated with changes in left insular cortex activation and only for HRs below ϳ100 bpm. This finding raises the issue of autonomic laterality concerning the roles of the right and left insular cortices. Numerous investigations have suggested that the right insular cortex may be more closely associated with sympathetic nervous activity, whereas the left insula may be more related to parasympathetic activity (17, 18, 25, 29) . With respect to the autonomic changes elicited during exercise, work by Robinson et al. (22) demonstrated that initial HR elevations during exercise, up to ϳ100 bpm, are due primarily to vagal withdrawal of parasympathetic activity to the sinoatrial node; when exercise intensity is increased, an elevation in sympathetic drive is primarily responsible for the further rise in HR (1, 22) . This may explain the strong relationship between HR and left insular activation when exercise HR was Ͻ100 bpm.
Although our findings are in line with the concept of a functional lateralization of autonomic control between the right and left insular cortices, we cannot provide conclusive evidence of their specific roles during exercise. An attractive explanation would involve their role in a ''resetting'' of the arterial baroreceptors known to occur during exercise (19) , thus allowing an appropriate elevation of BP as the level of exercise intensity increases. Of note, there appeared to be a greater magnitude of right insular activation in the three individuals whose BP did not rise, but actually fell slightly, in response to the LIC (Fig 2A) . Saleh and Connell (24) have reported a role for the insular cortex in the modulation of baroreflex sensitivity; however, further investigation is warranted to establish the relationship between changes in insular cortex activation and baroreflex modulation in humans.
Limitations. With respect to the potential limitations of our study, we cannot define the specific type of neuronal activity by using SPECT, and no specific testing was performed to assess hemispheric dominance. Whereas the majority (6:1 ratio in the rat) of baroreceptor responsive neurons within the insular cortex were reported to be SE units (32) , the observed increases in rCBF may be caused by activity of SE or SI neurons. Given the volume of tissue analyzed and the spatial resolution of the SPECT images, it is possible that a significant number of SE and SI units may be located within the insular regions assessed. Thus we cannot totally discount the possibility that right insular cortex activity is related to two different types of neurons responding to BP changes. However, assuming a predominance of SE units within the ROI and the patterns of activation observed, it is probable that there are differences in patterns of insular activation between conditions of rest and exercise.
Traditionally, the hemisphere that manages language is called the dominant hemisphere, and in ϳ95% of people the dominant side is the left hemisphere (14) . Although it appears that some degree of laterality exists for autonomic function with respect to low-and Fig. 2 . Changes (⌬) in right insular cortex activation and blood pressure. Changes in mean blood pressure are plotted against changes in right insular cortex activation (or deactivation) by using individual subject data for 3 conditions. r, Static handgrip; s, dynamic cycling; and j, postexercise cuff occlusion (n ϭ 5). A: increases in right insular cortex activation when blood pressure fell below resting levels during low-intensity cycling (n ϭ 3). B: relationship between increases in blood pressure and insular cortex activation during exercise (r 2 ϭ 0.80; P Ͻ 0.001). C: relationship between blood pressure increases and right insular cortex deactivation during postexercise cuff occlusion. rCBF, regional cerebral blood flow.
higher intensity exercise, studies in persons with righthemispheric dominance could potentially yield different results with respect to patterns of insular activation. Also, changes in PCO 2 [or end-tidal PCO 2 (PET CO 2 )] can alter global cerebral blood flow and in turn systematically alter rCBF (15) . Whereas we would expect no significant PCO 2 changes from rest during HG or LIC, the HIC at 155 bpm (roughly 70% of age-predicted maximal HR) would in all likelihood decrease PET CO 2 from resting levels as ventilation increased. One would expect a decrease in global cerebral blood flow with a decrease in CO 2 . Although no direct measures of CO 2 (PCO 2 ) or end-tidal CO 2 (PET CO 2 ) levels were made, we noted only minimal changes in white matter blood flow (Ϫ3.2%) during heavy exercise. The findings and conclusions drawn from this study are similar both with and without the small correction to rCBF distributions for changes in white matter rCBF.
Conclusions. Findings from this study indicate that there are differences in the magnitude of insular cortex activation between varying intensities of static and dynamic exercise. Whereas both right and left cortices showed increased rCBF with increasing exercise intensity, only changes in right insular activity were significantly related to individual changes in BP and RPE. However, when BP was elevated during postexercise cuff occlusion, there were decreases in insular rCBF. These differences could be related to different types of neuronal activation. Leg motor activity was higher during HIC, and hand/forearm motor activity increased over time during sustained HG exercise, yet these changes alone were not significantly related to changes in insular rCBF. Taken together, these findings suggest that changes in the level of volitional effort (central command or perceived effort), either alone or in combination with concomitant motor input, may govern, at least in part, activation of the insular cortex. Further investigations will be required to clearly define the specific contributions of systemic BP changes and perceived effort toward insular activation during exercise.
